WITTE. WELLER & PARTNER 

Patentanwalte 

Rotebuhlstrasse 121 0-70178 Stuttgart 



Applicant; November 11^ 2002 

ALCATEL 1031P112EP - ML/jr 

54 Rue La Boetie 
F-75008 Paris 
FRANCE 



Birefringence Trimming of integrated optical devices bv ele- 
vated heating 

The present invention relates to a method for trimming bire- 
fringence of an integrated optical device with at least one 
waveguide having a birefringence characteristic. Further / the 
present invention relates to an optical device for switching or 
filtering light passing through a waveguide having a birefrin- 
gence characteristic. 
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Optical devices^ particularly optical switches and more gener- 
ally optical filters, play an increasingly important role as 
today's optical networks become more complex and carry more ca- 
pacity. Switches can be deployed in applications such as net- 
work protection and restoration and dynamically reconfigurable 
add/drop modules; optical cross connects for example may incor- 
porate such applications. The field of application of optical 
filters is even broader. Optical filters may be employed in 
nearly every kind of optical element r like multiplexers, demul- 
tiplexers, optical add drop multiplexers, chromatic or polari- 
zation mode dispersion compensators, gain equalizers etc.. 

In the art, several switching technologies are available. One 
of these technologies is based on totally internal reflection 
and planar light wave circuit (PLC), e.g. theirmo-optic 
switches, where light is guided in planar waveguides. Materials 
such as silica and polymers exhibit the thermo-optic effect, 
i.e. the refractive indices change as the temperature is 
changed. This thermo-optic coefficient could either be positive 
like silica or negative like polyimide. This type of switch is 
fast enough for protection and restoration purposes, compact 
and well-suited for integration with other PLC-components, such 
as arrayed waveguide gratings (AWG) , to form more complicated 
modules like optical add/drop multiplexes. These thermo-optic 
effect based devices have been used in telecom systems either 
as switches or as variable optical attenuators. One design of a 
thermo-optic switch consists of a Mach-Zehnder interferometer 
(MZI) with a thin-film phase shifter deposited on the waveguide 
arms of the interferometer. The phase of the optical waves 
traveling in the interferometer can be tailored by heating the 
waveguide. With the heater off, the upper and lower waves 
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travel in the interferometer arms at the same speed, recombined 
in phase at the output coupler and the input signal exits the 
switch on one output port (cross state). When the heater is on, 
refractive index of the waveguide is slightly modified (the 
thermo-optic effect) causing the two waves to recombine out of 
phase and the input signal exits the switch on a second output 
port (bar state). One benefit of this design is that, by con- 
trolling the amount of power applied to the heater, the signal 
can be broadcasted to both output ports. 

In contrast to the aforementioned optical switches, optical 
filters are elements which guide the light within two optical 
paths (planar waveguides) of different length (asymmetric 
structure). Generally, there are FIR (finite impulse response) 
filters and IIR (infinite impulse response) filters. FIR- 
filters have in common that light travels along a finite path, 
whereas the light travels along a infinite path in IIR-f liters. 
FIR-f liters are e.g. based on Mach-Zehnder interferometers, ar- 
rayed waveguide grating devices, etc.. IIR-f liters are e.g. 
based on ring resonators, Fabry-Perot resonators, etc.. Of 
course, combinations of FIR- and I IR-f liters are contemplated, 
like an MZI with a ring resonator. 

With all optical filter devices, polarization dependence is a 
critical concern, particularly if the free spectral range (FSR) 
of the filter device is small. In the art certain approaches to 
adjust the refractive indices for TE- and TM-polarized waves 
(birefringence) have been proposed in order to bring the bire- 
fringence to zero. 
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The standard technique for the fabrication of silica-based PLCs 
incorporating an optical filter device with a low birefringence 
(small difference between refractive indices of TE- and TM- 
polarized wave) is to use a highly doped cladding material to 
balance the stresses for the TE and TM polarization. With this 
technique, it is possible to fabricate integrated optical de- 
vices with a TE-TM shift of about +/- 4 GHz* Thus, if the FSR 
of the optical filter is in the same range of only a few GHz^ a 
polarization dependence of the device can not be avoided by the 
standard fabrication process. The optical device will always 
exhibit a stress-induced birefringence v/hich is generally above 
a desired value. However, the difference between the effective 
refractive index of the TE polarized wave and the TM polarized 
wave (birefringence) causes a deviation in the phase depending 
on the polarization directions. As a result, there is the prob- 
lem that the interferometer does not function as an optical 
frequency division multi- /demultiplexer at all, unless the po- 
larization direction of an optical signal is previously ad- 
justed to a direction either parallel to or vertical to the 
surface of the substrate. 

Hence, it is of great importance to adjust the birefringence of 
silica-based waveguides and to change the polarization depend- 
ence of integrated optical devices after the standard fabrica- 
tion process. One approach for adjusting or trimming the bire- 
fringence is for example disclosed in the paper "Birefringence 
Control of Silica Waveguides on SI and Application to a Polari- 
zation-Beam Splitter/Switch'% M. Okuno et al.. Journal of Light 
Wave Technology, vol. 12, no. 4, pp. 625-633, (1994). 
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The birefringence trimming proposed in this paper is performed 
by fabricating a stress applying film above the optical 
waveguide and changing this stress applying film by a laser ab- 
lation. The disadvantage of this approach is that it requires 
the deposition of a stress applying thin film (amorphous sili- 
con) and a laser trimming process. Moreover, the laser trimming 
process does not recommend this trimming method as being suit- 
able for a mass production of integrated optical devices. 

In view of the above, the object of the present invention is to 
provide for a method for trimming birefringence of an inte- 
grated optical device with at least one waveguide having a bi- 
refringence characteristic which is less complicated and may be 
employed in mass production. 

This object is achieved by the method for trimming birefrin- 
gence as mentioned above, comprising the steps: Providing at 
least one electrode on top of the waveguide; and applying power 
equal to or above a predetermined power level to said at least 
one electrode for causing an irreversible birefringence change 
of the waveguide. 

The inventor has found out that the refractive index change of 
TE and TM is different if power above a specific level is ap- 
plied to the electrode. By applying power, the respective 
waveguide region is heated locally up to a temperature of more 
than 200®C. The heat causes a change of the stress distribution 
in the optical waveguide and hence a refractive index varia- 
tion. After cooling down, the stress distribution of the 
waveguide region is permanently changed. However, up to now, it 
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is not clear if the variation of the stress distribution is 
dominated by the electrode or by the glass. 

Nevertheless, the refractive index variation and hence the 
variation of the birefringence of the waveguide makes it possi- 
ble to reduce the TE-TM shift up to a desired low level. Par- 
ticularly, it is possible to get rid of the TE/TM shift which 
remains after the standard fabrication process. 

For some applications, a special nonzero birefringence of the 
waveguide may be required e.g. if the MZI serves as a polariza- 
tion beam splitter. For this application it is necessary that 
the birefringence is adjusted to an precise value which can be 
done by the proposed method. 

In contrast to the birefringence trimming proposed in the prior 
art, the method according to the present invention is techno- 
logically much easier o The samples need to have metal elec- 
trodes, which are in many cases already there, because they are 
necessary for switching or wavelength variation of the inte- 
grated optical filter. The trimming also requires just a simple 
power supply in contrast to a laser ablation system. 

Moreover, because the result of the birefringence trimming is 
obtained very fast, the process can be performed even automati- 
cally. 

In a preferred embodiment, the method comprises the step of 
measuring the birefringence change, preferably with said at 
least one electrode by supplying electrical power to said elec- 
trode. It is to be understood that other methods for measuring 
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■the birefringence change may be contemplated, for example, by 
measuring the transmission spectrum for the TE- and TM- 
polarization. 

This method step can be performed just a few minutes after the 
trimming process, which makes possible a fast monitoring of bi- 
refringence trimming • This in turn allows a realization of an 
automatically controlled trimming process. 

In a preferred embodiment, the predetermined power level is 0^8 
W per electrode length (mm) • This power level depends on the 
used geometry and the materials (glass and electrodes). 

The integrated optical device is preferably an optical filter, 
for example based on a Mach-Zehnder interferometer or a ring 
resonator. More preferably, it is a thermo optical device. • 

However, it is to be noted that the inventive birefringence 
trimming method is also applicable to other optical devices 
like polarization beam splitters, directional couplers, Fabry- 
Perot-resonators, and so on. The inventive method is not lim- 
ited to optical devices based on Mach-Zehnder interferometers. 

In a preferred embodiment, the electrode is provided as a metal 
electrode, preferably as a chromium heater electrode. 

An electrode comprising chromium has the advantage that it may 
endure power levels of up to 7,5 W. However, with different 
electrode materials or glass cover layers, it may be possible 
to reach even higher power levels. 
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The object of the present invention is also solved by an opti- 
cal device for switching or filtering light passing through a 
waveguide having a birefringence characteristic, when the 
waveguide has been treated according to the inventive method as 
to change its birefringence irreversibly. 

Preferably, that waveguide has a core layer sandwiched between 
a cladding layer, wherein both layers are made of a silica- 
based material and the cladding is highly doped with a material 
adapted to balance stresses for TM and TE polarization modes. 
Preferably/ the optical device is a Mach-Zehnder interferometer 
or a ring resonator. 

The same advantages as already described in connection with the 
inventive method are valid for such an optical device. 

Further features and advantages can be taken from the following 
description and the enclosed drawings. 

It is to be understood that the features mentioned above and 
those yet to be explained below can be used not only in the re- 
spective combinations indicated, but also in other combinations 
or in isolation, without leaving the scope of the present in- 
vention • 

Embodiments of the invention are shown in the drawings and will 
be explained more detailed in the description below with refer- 
ence to same. In the drawings: 

Fig. 1 is a schematic plan view of an optical device based 
on a Mach-Zehnder interferometer. 
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Fig. 2 is a schematic plan view of a ring resonator; 

Fig. 3 is a schematic cross-sectional view of a planar 
light wave circuit (PLC) for explaining its general 
structure , and 

Fig. 4 is a diagram showing the permanent change of the re- 
fractive index by elevated heating for different 
heating power per electrode length. 

In Fig. 1, an optical device is shown schematically and is in- 
dicated with reference numeral 10. The optical device is pro- 
vided as a Mach-Zehnder interferometer 12 being designed as a 
planar light wave circuit (PLC). 

The Mach-Zehnder interferometer 12 (MZI) comprises an input 
port 14 and two output ports 16, 18. Between the input and out- 
put ports 14, 16, 18 two 3dB couplers 20, 22 are provided. The 
first 3dB coupler 20 is fed via the input port 14 and couples 
light into waveguide arms 24 and 26. The waveguide arms 24, 26 
extend to the second 3dB coupler 22, which is optically coupled 
with two output ports 16, 18. 

As shown in Fig. 1, electrodes 28, 30 are provided above the 
waveguide arms 24, 26 covering at least a portion of the area 
where the waveguide arms extend. 

In Fig. 3, the general structure of a planar light wave circuit 
12 is shown cross-sectionally ♦ The circuit comprises a silicon 
substrate 32 on which a cladding layer 34 is formed. The clad- 
ding layer 34 is typically composed of SiOj glass. Within the 
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cladding layer 34 core portions 36 are embedded. In the present 
embodiment r the core portions form the waveguide arms 24 and 
26. The core portions themselves are made of e.g. SiOj TiOj 
glass. 

On the cladding layer 34, the electrodes 28, 30 are formed di- 
rectly above the core portions 36. The electrodes 28, 30 are 
for example composed of chromium. 

Referring again to Fig. 1, the main function of the MZI is to 
couple light from the input port 40 either to the upper output 
port 16 or the lower output port 18. As known in the art, this 
is achieved by applying power to one of both electrodes in or- 
' der to heat the region of the waveguide arm. This causes a 
change of the refractive index of the respective waveguide arm, 
so that the two light waves traveling through the waveguide 
arms 24, 26 recombined out of phase and the input signal exits 
the MZI on the lower output port 18 (bar state). If no power is 
supplied, the input signal exits the MZI 12 on the upper output 
port 16 (cross-state). 

Although any measure is taken during the fabrication process of 
the optical device, at least a low birefringence remains. How- 
ever, even a low birefringence may cause a polarization depend- 
ence of the optical device, if for example the free spectral 
range of the optical device is in the same range as the TE-TM 
shift caused by the birefringence. In order to comply with cer- 
tain specifications which require a TE-TM shift of less than 
0,75 GHz, the polarization dependence has to be reduced after 
the fabrication process. 
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In the present embodiment, the trimming of birefringence is 
achieved by supplying power to at least one of the electrodes 
28, 60 causing the region below the electrodes to be heated. 

The inventor has found out that for power levels up to 0,8 
W/mm, an equal index change for TE and TM polarization is 
achieved/ however , for power levels above this value of 0,8 
W/mm, the index change of TE and TM is different. Hence , in the 
latter case, the birefringence of the waveguide is changed. 
This threshold power level may vary if different glass material 
or electrodes are used. 

This characteristic is now used to trim the birefringence of 
' the optical device 10. By applying power of more than 0,8 W/mm 
to an electrode, a change of the birefringence of 3,5 x 10"^ 
may be achieved. This corresponds to a TE-TM shift of about 4.6 
GHz provided that the electrode length and the delay length of 
the MZI are equal. Hence, this trimming process is able to 
equalize the TE-TM of less than 4 GHz which is remaining after 
the typical standard fabrication process. 

The refractive index variation is a result of a change of the 
stress distribution of the optical device. The waveguide region 
is heated locally. up to a temperature of more than 200**C. After 
cooling down, the stress distribution of the waveguide region 
is permanently changed. Further, the long-term stability of the 
birefringence trimming has been checked by heating the optical 
device at 300 for two hours, and no variation of phase and 
birefringence has been observed due to this heating. 
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In the diagram of Fig. 4, the refractive index change is shown • 
It may clearly be seen that the refractive index change of TE 
and TM is different above a power level of 0,8 W/rom (power per 
electrode length). 

The diagram of Fig. 4 also shows that an irreversible index 
change is obtained for a power per electrode length of 0,5 W 
per electrode length (mm) . 

The index change itself may be measured by feeding smaller 
electrical power to the same electrode. This measurement may be 
performed a few minutes after the afore-mentioned trimming 
process. Hence, a fast monitoring of the birefringence trimming 
' is possible allowing a realization of an automatically con- 
trolled trimming process. 

As already mentioned before, the MZI 12 has been used just as 
an example of an optical device where the polarization depend- 
ence is critical. It is to be understood that the mentioned 
trimming process may also be used to adjust the birefringence 
of other optical devices, like ring resonators, polarization 
beam splitters, mode converters, wave plates, directional cou- 
plers, and so on. 

In Fig. 2 for example, a ring resonator 40 is shown. It com- 
prises also one input port 14 and two output ports 16, 18. Fur- 
ther, the ring resonator comprises an electrode 28 which covers 
the region above a ring shaped waveguide 42. The process for 
trimming the birefringence of this optical device 40 corre- 
sponds to that described in connection with the MZI 12. 
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Particularly, the trimming method may advantageously be used 
for optical filters having long delay paths, that is for exam- 
ple for very asymmetric (which means a very low FSR) MZIs, A 
particular application are MZIs with a FSR of about 10 GHz 
which corresponds to a delay path of about 2 cm. Such MZIs are 
used by the receiver of FSK (frequency shift keying) signals, 
to transform the frequency modulated signal into an amplitude 
modulated signal for detection. Further, ring resonators with a 
FSR of about 50 GHz will be used for dispersion compensation. 
Moreover, a MZI operating as a polarization splitter may be 
contemplated. In this case, the asymmetric structure may be 
achieved by waveguides having different widths. Trimming the 
birefringence serves to adjust the birefringence precisely. 

To sum up, a method for trimming birefringence is proposed 
which allows to alleviate the negative effects of stress- 
induced birefringence caused during the standard fabrication 
process. The trimming process may be performed shortly after 
the fabrication process automatically, so that a mass produc- 
tion of optical devices is possible. 



